The OXA-1 β-lactamase is one of the few class D enzymes that has an aspartate residue at position 66, a position that is proximal to the active-site residue Ser 67 . In class A β-lactamases, such as TEM-1 and SHV-1, residues adjacent to the active-site serine residue play a crucial role in inhibitor resistance and substrate selectivity. To probe the role of Asp 66 in substrate affinity and catalysis, we performed site-saturation mutagenesis at this position. Ampicillin MIC (minimum inhibitory concentration) values for the full set of Asp 66 mutants expressed in Escherichia coli DH10B ranged from 8 µg/ml for cysteine, proline and the basic amino acids to 256 µg/ml for asparagine, leucine and the wild-type aspartate. Replacement of aspartic acid by asparagine at position 66 also led to a moderate enhancement of extended-spectrum cephalosporin resistance. OXA-1 shares with other class D enzymes a carboxylated residue, Lys 70 , that acts as a general base in the catalytic mechanism. The addition of 25 mM bicarbonate to Luria-Bertani-broth agar resulted in a 16-fold increase in MICs for most OXA-1 variants with amino acid replacements at position 66 when expressed in E. coli. Because Asp 66 forms hydrogen bonds with several other residues in the OXA-1 active site, we propose that this residue plays a role in stabilizing the CO 2 bound to Lys 70 and thereby profoundly affects substrate turnover.
INTRODUCTION
β-Lactam antibiotics kill bacteria by inhibiting the D-alanyl-D-alanine transpeptidase responsible for cross-linking cell-wall components [1] . Regrettably, the efficacy of these agents has been diminished by the action of β-lactamase enzymes [EC 3.5.2.6], which hydrolyse the β-lactam bond of penicillins and cephalosporins, thereby rendering them ineffective [2] . There are several hundred β-lactamases, which have been grouped into four main classes (A-D) [3] . Classes A, C, and D of the Ambler classification system use covalent catalysis, whereas class B enzymes contain a metal ion (usually Zn 2+ ) to help polarize the target carbonyl group of the β-lactam [4] .
OXA family β-lactamases, so named because of their preference for oxacillin as a substrate, are members of class D. Recognition of the clinical relevance of class D lactamases, the least studied of the four classes, has increased for a number of reasons. First, most OXA family members are resistant to inactivation by mechanism-based inhibitors such as clavulanate, tazobactam and sulbactam [3] . Secondly, although many enzymes have a narrow substrate spectrum, there has been a recent emergence of OXA β-lactamases capable of hydrolysing oxyiminocephalosporins and carbapenems [5] [6] [7] [8] . Lastly, the presence of bla OXA genes on mobile genetic elements has allowed these enzymes to disseminate widely [9] . Variants of the OXA family, now numbering more than 100 members, have been described in (among others) Shigella flexneri [10] , Klebsiella pneumoniae [11] and, particularly, Acinetobacter baumanii [12] .
Atomic structural analysis of class D β-lactamases in both the apo and the acylated forms has enhanced our understanding of their catalytic mechanisms [13] [14] [15] [16] [17] [18] . Despite a generally weak sequence identity among the OXA family members and even weaker homologies with class A and C enzymes, all three classes share the same topological fold [19] . Moreover, all three classes hydrolyse substrates using a similar serine-nucleophile-mediated acylation/deacylation mechanism. One feature unique to the OXA family is a catalytically important carboxylated lysine residue in the active site [13] [14] [15] . The carboxylated lysine residue, which forms from the reaction of Lys 70 with CO 2 , is stabilized by a network of hydrogen bonds [13, 15] . It has been proposed that this ionized carbamyl group serves as the general base in both the acylation step (deprotonating Ser 67 ) and the deacylation step (deprotonating the catalytic water molecule) [13] [14] [15] . This argument is supported by mutagenesis studies of Lys 70 in OXA-10; alteration of this residue to alanine completely eliminates catalysis by this enzyme [15] . Moreover, there is an absence in all class D enzymes of any counterpart to Glu 166 , the general base in class A enzymes. Because of the reversible nature of the carboxylation, the binding of CO 2 to Lys 70 can be affected by pH and bicarbonate/CO 2 concentration [4, 15] .
The catalytic serine residue at position 67 and carboxylated lysine residue at position 70 are part of a conserved patch with the sequence (using the one-letter code) STFK. The sequences YGN (residues 144-146) and KTG (residues 212-214) are also nearly invariant in class D enzymes. Ser 115 , which is homologous with the class A residue Ser 130 , is completely conserved in all OXA members. Sun et al. [13] suggested that this residue is involved in proton transfer to substrate during catalysis.
The focus of the present study, OXA-1, has several notable structural differences compared with other class D enzymes. Unlike OXA-10, OXA-1 is a monomer [13] and possesses an omega loop insertion of six amino acids (residues 149-154) not found in OXA-10 and OXA-13 [13] . It is one of only a few class D enzymes (along with minor variants OXA-4, OXA-31 and The crystal structure co-ordinates available at the RCSB (Research Collaboratory for Structural Bioinformatics) Protein Data Bank were used to represent the interactions of key residues in OXA-1. The Figure was constructed using Pymol.
OXA-47) known to possess an aspartate residue at position 66; most OXA enzymes have an alanine or a methionine residue at this site. Asp 66 helps form the floor of the active site in OXA-1 and is partially buried under the B9 β-strand ( Figure 1 ). Its location and position are very similar to that seen for the homologous residue (Met 69 ) found in the class A enzymes TEM-1 and SHV-1 [20, 21] . Interestingly, the main-chain atoms of the residue at position 66 adopt highly strained , torsion angles in OXA-1 (Asp 66 ), OXA-10 (Ala 66 ), OXA-13 (Ala 66 ), SHV-1 (Met 69 ) and TEM-1 (Met 69 ). Met 69 , along with other residues near it, plays a critical role in substrate specificity and resistance to mechanismbased inhibitors in class A β-lactamases [22, 23] . In SHV-1 for instance, it has been shown that phenylalanine, tyrosine and lysine at position 69 lead to ceftazidime resistance, while replacement with isoleucine, valine or leucine results in inhibitor resistance [23] .
The aspartate residue at position 66 in OXA-1 is thought to share a hydrogen atom with Glu 162 in the omega loop, possibly helping to stabilize this structure (see Figure 1 ) [13] . On the basis of this observation, we hypothesized that Asp 66 serves to orient Ser 67 and carboxy-Lys 70 for proper acylation and deacylation. Thus, we performed site-saturation mutagenesis at this position to explore the unique nature of this aspartate at position 66 in the OXA family and the potential role that it may play in substrate specificity and catalysis. Our data show that this aspartate residue plays a major role in β-lactam catalysis in OXA-1.
MATERIALS AND METHODS

Materials
Plasmids pOXA-1 [used for mutagenesis and MIC (minimum inhibitory concentration) determination] and pETKMOXA-1 (used for native OXA-1 β-lactamase expression) were generously given by Professor James Knox and Dr Michiyoshi Nukaga (Department of Molecular and Cell Biology, University of Connecticut, Storrs, CT, U.S.A.). pET-28a(+) was purchased from EMD Biosciences (San Diego, CA, U.S.A.). Antibiotics were obtained from the following companies: ampicillin, cephalothin and cefotaxime (Sigma, St. Louis, MO, U.S.A.); [24] .
Site-saturation mutagenesis
The complete set of amino acid substitutions at position 66 was prepared in the bla OXA-1 gene background of plasmid pOXA-1. Degenerate oligonucleotides (see Table 1 ) were used with the QuikChange ® II Mutagenesis Kit (Stratagene, La Jolla, CA, U.S.A.). All mutant plasmids were transformed into E. coli strain DH10B. Mutant plasmids were sequenced with an ALF Express automated DNA sequencer (Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.) by using the Thermo Sequenase fluorescence-labelled primer cycle sequencing kit [25] .
Western-blot analysis
Steady-state expression levels for WT (wild-type) and variant OXA-1 β-lactamases in E. coli DH10B were measured as previously described [25, 26] , with the exception of the detecting antibody. The polyclonal anti-OXA-1 antibody was raised in rabbits, purified on Protein G columns, and characterized as reported for anti-SHV-1 and anti-CMY-2 antibodies [27] . The Western blot was probed with 1 µg/ml anti-OXA-1 antibody and then with horseradish-peroxidase-linked Protein G.
Antibiotic susceptibility
MICs for various antibiotics were determined using a Steers Replicator that delivered 10 µl containing 10 4 CFU (colonyforming units)/spot, with Luria-Bertani broth agar prepared at pH 7.2. For those plates requiring bicarbonate supplementation, stocks of 500 mM NaHCO 3 adjusted to pH 7.4 with NaH 2 PO 4 were added to the agar to give a final concentration of 25 mM. The MIC values listed represent the median of results obtained with a minimum of three repetitions.
β-Lactamase purification
WT OXA-1 β-lactamase was purified after overexpression from the vector pETKMOXA-1 in E. coli BL21(DE3) cells [28] . Cells were thawed in 20 mM NaH 2 PO 4 /1 mM EDTA, pH 7.0, and lysed with a final concentration of 1.0 mg/ml lysozyme (Sigma). The lysate was supplemented with 2 mM MgCl 2 and adjusted to 2.5 µg/ml DNAse I to eliminate chromosomal DNA. After centrifugation (6750 g for 20 min 4
• C; Sorvall SS-34 rotor), the supernatant was dialysed against 4 litres of 5 mM NaH 2 PO 4 , pH 5.8. The dialysis residue was applied to a CM-23 CM-cellulose (Sigma, St. Louis, MO, U.S.A.) column (1.5 cm × 3 cm) equilibrated with 5 mM NaH 2 PO 4 , pH 5.8. The protein was eluted with a linear gradient of 5 mM NaH 2 PO 4 , pH 5.8 to 50 mM NaH 2 PO 4 , pH 7.0. Column fractions containing OXA-1 β-lactamase were combined and dialysed against 50 mM NaH 2 PO 4 /25 mM NaHCO 3 , pH 7.4. The dialysis residue was then concentrated using centrifugal filtration (Centricon; 10 kDa molecular-mass cut-off). OXA-1 purified by this technique was > 95 % pure (as assessed by SDS/PAGE analysis) and was stored at 4
• C. Mutant bla OXA-1 genes were amplified from a pOXA-1 background using Pfu polymerase (Promega, Madison, WI, U.S.A.) and subcloned into NdeI and BamHI sites in pET-28a(+). This step created a short fusion peptide containing a hexahistidine tag at the N-terminus, thereby allowing quick and facile purification of all enzymes. The primers used for this amplification are shown in Table 1 . bla OXA-1 variant genes that had been subcloned into pET-28a(+) were expressed and purified using nickel affinity chromatography. Cells were grown to an attenuance (D 600 ) of about 0.80, and protein production was induced with 100 µM IPTG (isopropyl β-D-1-thiogalactopyranoside) for 2 h. The cells were harvested by centrifugation (9500 g for 15 min) and frozen at − 20
• C. Lysates were prepared as described above and applied to an iminodiacetic acid-Sepharose 6B column (1.5 cm × 3 cm) charged with nickel. The protein was eluted with a linear gradient of 5-200 mM imidazole in 20 mM Tris/HCl/500 mM NaCl, pH 7.5. Pure fractions (> 95 % as assessed by SDS/PAGE) were dialysed against 50 mM NaH 2 PO 4 /25 mM NaHCO 3 , pH 7.4, and stored at 4
• C.
Bicarbonate titration
To decarboxylate Lys 70 , purified WT and select variant β-lactamases were dialysed against 50 mM sodium acetate, pH 4.5, under vacuum at 4
• C [15] . Samples of each enzyme were diluted into 50 mM NaH 2 PO 4 buffer, pH 7.4, containing various concentrations (0-100 mM) of NaHCO 3 , pH 7.4. Buffers devoid of bicarbonate were degassed under vacuum prior to use. After an incubation of at least 30 min at room temperature (20 • C), aliquots of diluted enzyme were added to 500 µM ampicillin in the same buffer used for equilibration to determine the rate of hydrolysis. Bicarbonate concentrations were converted into [CO 2 ] values using the Henderson-Hasselbach equation and a pK a adjusted for ionic strength [29] . Each assay was carried out in triplicate and the results averaged. Both data sets were fitted to the following single-binding-site model, and then normalized to V max :
Kinetic assays
Michaelis-Menten kinetic analysis was carried out in 50 mM NaH 2 PO 4 /25 mM NaHCO 3 , pH 7.4, at room temperature in a Beckman DU-800 spectrophotometer. Measurements were carried out using the following ε [molar absorption coefficient (M −1 · cm −1 )] values: ampicillin, − 900 (λ = 235 nm); cephalothin, − 6500 (λ = 260 nm); cefepime, − 10 000 (λ = 260 nm); cefotaxime, − 7500 (λ = 260 nm); CENTA, 6400 (λ = 405 nm). The average of three measurements of initial velocity was plotted as a function of substrate concentration, and the K m and k cat were determined by non-linear regression to the Michaelis-Menten equation.
RESULTS
Mutagenesis
The pOXA-1 plasmid was derived from the chloramphenicolresistant pHSG398 vector and contains the full-length coding region for OXA-1 attached to the native promoter from plasmid RGN238 [30, 31] . Site-saturation mutagenesis was used to successfully create the complete set of amino acid residues at position 66, all of which were transformed into E. coli strain DH10B.
Expression profile of Asp 66 variants
Before determining the consequences of site-saturation mutagenesis at position 66, we determined the level of variant OXA-1 expression by Western blotting. The antibody that was used was prepared against native OXA-1 and was shown to bind to epitopes derived from amino acid residues 18-30, 39-48, 143-152 and 167-176 (numbering includes amino terminal leader sequence). Therefore determination of expression levels was not affected by mutations at position 66. Figure 2 shows that nearly all substitutions at position 66 result in only minor changes in steady-state protein levels. The only exception to this is D66C; the expression of this variant was diminished relative to that of the other proteins.
MICs
Antibiotic-susceptibility tests showed that almost all Asp 66 mutants in E. coli DH10B were more susceptible to ampicillin; we observed that more than half of the 19 variants were susceptible at 32 µg/ml compared with 2048 µg/ml for the WT (see Table 2 ). The OXA-1 β-lactamase possesses a catalytically important and reversibly bound CO 2 on the active-site lysine residue, thus we next tested whether supplementation of bicarbonate would affect ampicillin resistance. The addition of 25 mM bicarbonate, pH 7.4, to agar plates increased the MIC values of all Asp 66 variants expressed in E. coli DH10B ( Table 2 ). The MICs of WT, D66C and D66P were enhanced 4-fold (2048 to 8192, 8 to 32 and 4 to 16 µg/ml respectively), whereas the MICs of variants with large hydrophobic residues, such as tryptophan, phenylalanine, tyrosine and methionine, were increased between five and seven dilutions (32-128-fold). The ratio of the MIC value in the presence and absence of bicarbonate is listed in a separate column in Table 2 .
MIC values were also determined against four cephalosporin β-lactam antibiotics in the absence or presence of 25 mM bicarbonate. WT OXA-1 β-lactamase expressed in E. coli provided little resistance to cephalosporins, reflecting the penicillinase activity of this class D enzyme (Table 2) . Examining the results of substitutions at Asp 66 in the presence of added bicarbonate, a gain in resistance against cephalothin was observed for all variants (4-16 µg/ml). In addition, an increase in cefepime and cefotaxime resistance was noted for the substitution D66N (0.5 to 2 µg/ml and 1 to 4 µg/ml respectively).
In the absence of added bicarbonate, the D66L and D66M mutants expressed in E. coli DH10B showed a rise in resistance against ceftazidime compared with the WT. Likewise, the D66A mutant showed an 8-fold increase in MIC for ceftazidime compared with the WT (0.25 to 2 µg/ml).
Kinetics
The kinetic behaviour of WT OXA-1 (purified by CM-cellulose chromatography) and His 6 (hexahistidine)-tagged WT OXA-1 (purified by nickel-affinity chromatography) were compared. The results in Table 3 show that the K m and k cat for WT OXA-1. and His 6 -tagged OXA-1 are comparable for cefotaxime and Replacements at position 66 are noted using the single-letter amino acid code. The D66W and D66Y proteins were repeated along with DH10B cells containing pBCSK(−) vector alone to demonstrate antibody specificity. On the basis of the bicarbonate-sensitivity of many of the Asp 66 mutants, we decided to determine the effect of bicarbonate concentration on OXA-1 catalysis. To do this, we chose to compare His 6 -tagged WT OXA-1 and the D66A, D66M and D66W mutants. We were particularly eager to test the D66W mutant because, when comparing ampicillin MIC values in the absence or presence of 25 mM bicarbonate, this variant showed the largest bicarbonate-dependant increase (from 16 to 2048 µg/ml). Using the kinetic analysis of OXA-10 as a model [15] , the pure β-lactamases were stripped of their carboxylation on Lys 70 through dialysis at pH 4.5 under vacuum. For all variants tested, this treatment caused an ∼ 80-90 % reduction in ampicillin hydrolytic activity compared to that seen before treatment. Figure 3 shows that, for all β-lactamases tested, there was a hyperbolic increase in activity as bicarbonate (and thus CO 2 ) concentration increases. It is apparent, however, that it takes a much higher concentration of bicarbonate to bring the variant β- Aliquots of each protein were dialysed at pH 4.5 to remove CO 2 from Lys 70 , and then equilibrated in 50 mM NaH 2 PO 4 , pH 7.4, supplemented with various amounts of bicarbonate. Samples were then removed and added to 500 µM ampicillin in the same buffer, and hydrolysis was monitored at 235 nm. Bicarbonate concentrations were converted into [CO 2 ] using the Henderson-Hasselbach equation.
lactamases (particularly D66W) to the same level as WT enzyme. The data were fitted to a single-site binding model, which showed that the apparent affinity of CO 2 is > 100-fold lower for the D66W mutant compared with the WT (K d = 320 + − 28 µM for D66W; 2 + − 0.6 µM for WT). The other two mutants showed intermediate CO 2 affinities (K d = 31 + − 3 µM for D66M; 80 + − 13 µM for D66A).
DISCUSSION
Similarly to observations on the TEM-1 and SHV-1 enzymes, our data clearly demonstrate that replacements of the homologous residue in OXA-1, namely Asp 66 , also profoundly influence catalysis. Replacement of Asp 66 with most other amino acids causes a significant reduction in ampicillin resistance. The most notable exception to this is asparagine, which closely resembles the WT residue's size, shape and hydrogen-bonding capability. Variant OXA-1 β-lactamases which possess a positive charge at position 66 (arginine, histidine and lysine) or the structurally confined proline showed the greatest decrease in ampicillin resistance. Major changes in β-lactamase expression were not seen, with the exception of D66C, which is produced at a lower level. Moreover, preparations of WT and five variant enzymes with widely varying MIC values and kinetic properties did not differ in solubility or yield during purification and concentration. We therefore conclude that the changes in resistance observed by MIC analysis are based predominantly on alteration of kinetic properties.
An unexpected finding of our studies was that the addition of bicarbonate to MIC assays can partially restore some of the loss of catalytic activity for a number of the Asp 66 mutants. The results shown in Figure 3 indicate that three different replacements of Asp 66 (methionine, alanine and tryptophan) result in lower affinity between CO 2 and Lys 70 . Interestingly, the K d values showed a correlation with the magnitude of the MIC increase observed for those three mutations upon bicarbonate supplementation. The loss of the carbamate removes the general base that is thought to be critical for the activation of the nucleophile in both the acylation and deacylation reactions. The carboxylysine residue is stabilized by a number of hydrogen bonds, most notably from side-chains of Trp 160 and Ser 67 ( Figure 1 ). Although Asp 66 is more than 8 Å (0.8 nm) away from the carbamate moiety, there are many indirect effects by which its substitution might alter interactions, and thereby decrease CO 2 affinity. First, the aspartate residue is thought to hydrogen-bond to both the side-chain and the mainchain amide hydrogen of Glu 162 . As noted in the OXA-1 crystal structure, this linkage pulls the omega loop closer to the B9 strand compared with the interaction seen in the OXA-2 or OXA-10 structures [13] . When Asp 66 is replaced, the lack of these hydrogen bonds may destabilize the omega loop and disrupt the stabilizing interaction between Trp 160 and the carbamate. Secondly, any perturbation of Asp 66 might affect the ability of its neighbor, Ser 67 , to form the optimal hydrogen bond with the general base, as has been suggested for the homologous residue, Met 69 , of TEM-1 [22] . It is known that the residue on the N-terminal side of the catalytic serine residue adopts highly strained torsion angles in both class A and class D enzymes, and therefore may be especially sensitive to structural perturbation. Many examples of β-lactamase residues affecting catalysis indirectly over large distances have been noted previously [32, 33] , and it is likely that other mutations altering stability or positioning of the omega loop will similarly affect carbamate formation and thereby substrate turnover in OXA-1.
As noted above, OXA-1 is one of only a handful of class D enzymes to have an aspartate residue at position 66. Almost all other OXA enzymes have an alanine residue at this position, although there are two enzymes that have a methionine residue (OXA-18 and -45) and one each of a cysteine residue (OXA-9) and a glutamate residue (OXA-29). Of those with alanine at position 66, the site equivalent to Glu 162 in OXA-1 is typically occupied by glutamic acid, asparagine or valine. The crystal structures of OXA-10 and -24, however, show that, in these β-lactamases, the omega loop has a different conformation that results in the sidechains of these residues pointing out towards the solvent [16, 34] .
It is therefore likely that position 162 plays a unique role in OXA-1 β-lactamase.
It is very notable that several substitutions at position 66 in OXA-1 β-lactamase resulted in modest increases in resistance to extended-spectrum cephalosporins. These observations are very reminiscent of previous analyses in SHV-1; changes in SHV-1 at position 69 (M69F, M69Y and M69K) resulted in an increase in resistance against ceftazidime [23] . In OXA-1, an asparagine replacement at position 66 resulted in a 4-fold increase for the MICs of both cefotaxime and cefepime, while having no affect on ampicillin resistance. The D66N replacement in OXA-1 may cause a slight increase in affinity for these two cephalosporins. Although the D66N OXA-1 β-lactamase expressed in E. coli demonstrates MIC values for cefotaxime (2 µg/ml) and cefepime (4 µg/ml) that are below the level considered clinically resistant, there are examples in the literature where such values are associated with poor outcomes during treatment with those two cephalosporins [35] . It is therefore possible that changes such as D66N could contribute toward acquisition of a fully resistant phenotype, particularly in combination with other mutations [36] .
We further observe the contrast between the effect of bulky side-chain substitutions at position 66 of OXA-1 compared to similar variants at the equivalent position (Met 69 ) of SHV-1. In the latter, phenylalanine, tyrosine and lysine result in ceftazidime resistance [23] . For OXA-1 expressed in E. coli, the replacement of bulky amino acids at position 66 generally results in lower MICs for all antibiotics. It is possible that, although substrate access to the active site increases in these variants, catalytic efficiency is lowered because of a loss of CO 2 binding to Lys 70 . The structural features required for stable carbamate formation in class D enzyme active sites may confer a lower level of mutational tolerance on these enzymes compared to their counterparts in classes A and C.
Asparagine is the most conservative replacement for aspartate, and its side-chain amide retains the ability to hydrogen-bond to Glu 162 (part of the omega loop). Although there are no known class D β-lactamases that naturally possess an asparagine at position 66, a related protein family does contain several examples that do. The BlaR and MecR β-lactam sensor proteins, though not capable of full β-lactam hydrolysis, share a common fold with class D β-lactamases and also use a serine nucleophile for acylation [4, [37] [38] [39] [40] . Several studies of the BlaR1 and MecR1 from Staphylococcus aureus have implicated an N-carboxylysine residue in the acylation of β-lactams, with a subsequent decarboxylation of the lysine residue preventing deacylation [37, 39, [41] [42] [43] . Other crystal structure studies of the BlaR1 sensor domain from S. aureus and Bacillus licheniformis failed to reveal a carboxylated lysine residue in the active site [38, 44] . Despite the crystal structure discrepancies and the mechanistic differences between the sensor proteins and the class D β-lactamases, it is still possible to gain insight from a comparison of the basic architectural features of these two classes of proteins. Interestingly, the sensor proteins from several species including S. aureus, S. haemolyticus and Clostridium difficile contain an asparagine residue at the position equivalent to Asp 66 in OXA-1. The crystal structure of the sensor protein of the BlaR from S. aureus shows that this asparagine (Asn 388 ) does in fact form a hydrogen bond with Glu 477 , the omega-loop residue that occupies the same position as Glu 162 in OXA-1 [39] (Figure 4) . We therefore propose that the D66N variant of OXA-1 maintains the interactions that stabilize the omega loop and thereby the carboxylation of Lys 70 (via Trp 160 ). This is supported by the data showing that D66N activity for ampicillin is affected little by the addition of bicarbonate. The amide group of the asparagine residue, however, may impart slight conformational changes to the active-site structure, including the The PDB (Protein Data Bank) co-ordinates of OXA-1 (green; 1M6K) and BlaR1 from S. aureus (grey; 1XKZ) were aligned using the MagicFit feature of Swiss-PDBViewer.
position of strand B9. These changes, in turn, may give rise to the alterations in cefotaxime and cefepime resistance.
In summary, our mutational analysis of Asp 66 reveals unique insights into the relationship of amino acids that are proximal to the active-site Ser 67 in OXA-1 β-lactamase. The novel effect on Lys 70 carboxylation and alteration in substrate specificity is reminiscent of how critical amino acid changes in other serine β-lactamases have profound impact on catalysis.
